Obesity has grown to pandemic proportions. It affects an increasing number of children, adolescents and young adults exposed to the silent comorbidities of this disorder for a longer period. Infertility has arisen as one important comorbidity associated with the energy dysfunction promoted by obesity. Spermatogenesis is a highly regulated process that is determined by specific energetic requirements. The reproductive potential of males relies on hormonal-dependent and -independent stimuli that control sperm quality. There are conflicting data concerning the impact of male overweight and obesity on sperm quality, as well as on the possible paternal-induced epigenetic trait inheritance of obesity. In addition, it remains a matter of debate whether massive weight loss induced by lifestyle interventions, drugs or bariatric surgery may or may not benefit obese men seeking fatherhood. Herein, we propose to discuss how energy balance may modulate hormonal signalling and sperm quality in overweight and obese men. We also discuss some molecular mechanisms that mediate obesity-related dysfunction in male reproductive system and how paternal obesity may lead to trait inheritance. Finally, we will discuss how lifestyle modifications and sustained weight loss, particularly the loss achieved by bariatric surgery, may revert some of the deleterious effects of obesity in men and their offspring.
Introduction
Nutritional habits have evolved towards an increasing consumption of processed foods rich in sugars and saturated fats, rendered as more attractive and affordable products over the past few decades. The number of overweight and obese individuals has increased concurrently with the establishment of those dietary and sedentary lifestyle habits, prompting obesity to a pandemic health problem. The World Health Organization has published relevant statistics suggesting that nearly 2 billion adults are already overweight and that over one-third of those are obese (Weight-Control Information Network 2012), while these numbers are expected to continue to grow. Alarmingly, the number of children, adolescent and young adults with metabolic disorders has also raised exponentially, which means that these individuals will have to face the disease for a long period of their life (Weight-Control Information Network 2012) . Hence, some of the silent problems caused by overweight/obesity, such as male infertility, may become a serious health issue in the years to come.
High-calorie diets are more likely to induce an increase in body weight and lead to hyperglycaemia, hyperinsulinaemia and dyslipidaemia. This causes a chronic inflammatory state and a high metabolic rate necessary to sustain the body metabolic balance. Unfortunately, a high metabolic rate ends up with the formation of high levels of reactive oxygen species (ROS), which induce damages in DNA, proteins and compromises the integrity of cells' plasma membranes. These events are particularly important in the testicular environment as sperm cells are highly sensitive to oxidative stress (OS). Thus, it is not surprising that male obesity is associated with reduced pregnancy rates and increased pregnancy loss in couples subjected to medically assisted reproduction techniques (Keltz et al. 2010 , Bakos et al. 2011a .
Disturbed energy homeostasis can lead to several metabolic disorders spanning from malnutrition to metabolic syndrome. These disorders have in common the capacity of inducing various male reproductive dysfunctions. Several integrators mediate the link between energy intake and reproduction. Though the relevance of most of these remains a matter of debate, the positive energy balance leading to severe endocrine dysfunctions is most probably the primary cause of obesity-induced male subfertility. Indeed, it has been proposed that the altered leptin, ghrelin and glucagonlike peptide-1 levels associated with obesity may play a pivotal role in the obesity-induced deleterious effects in male reproduction (for review Alves et al. 2016) . The signals mediated by these hormones are pivotal for the control of satiety, regulating the energy intake as well as energy homeostasis. Notably, several of these hormones and their downstream signalling molecules regulate glucose and energy metabolism in peripheral organs, including the testis. The energy control in testis has been shown to be pivotal for spermatogenesis (for review Alves et al. 2014) .
Multiple factors associated with obesity can compromise spermatogenesis, in particular, the accumulation of fat depots on the suprapubic and scrotal area, which leads to the increase of temperature in the testis. Accumulation of toxic substances and lipid-soluble endocrine disruptors in fat tissue may also amplify the deleterious effects induced by increased body weight (for review Rato et al. 2014) . Defective spermatogenesis may result in multiple alterations in sperm parameters, defective capacitation and sperm binding, as well as sperm structural changes (particularly in chromatin). Alcohol intake is one of the lifestyle conditions that can interfere with several endocrine systems, including energy homeostasis as well as appetite regulation. In addition, the reproductive function can be highly affected by alcoholism (Kenna et al. 2012) , which is able to induce morphological changes in testis and lower sperm quality (Eid et al. 2012 , Ezzatabadipour et al. 2012 . Experiments in rats showed that consumption of a 6% ethanol solution during 28 days resulted in a significant elevation of serum leptin (Pravdova et al. 2009 ). However, a cross-sectional study enrolling 820 subjects after acute coronary syndrome, coronary revascularisation or first ischaemic stroke, reported that drinking small amounts of alcohol was associated with decreased serum leptin concentrations with possible benefits in terms of cardiovascular risk (Mayer et al. 2010 ). In addition, chronic alcoholic individuals depict very low leptin concentrations (Santolaria et al. 2003 ) that have been attributed to the malnutrition that occurs in these patients with reduced fat tissue mass. Interestingly, the ghrelin system was suggested as a potential target to treat alcohol abuse as ghrelin antagonists showed effectiveness in reducing ethanol intake and preference without decreasing food intake (Gomez et al. 2015) . Nevertheless, the mechanisms by which these drugs and hormones affect addiction remain unknown, and it will be important to evaluate their effect on male reproductive potential.
Obese men are also at increased risk to develop erectile dysfunction (Esposito et al. 2004) , which compromises their reproductive health. Interestingly, it was reported that rats fed with a cafeteria diet presented lower number of ejaculations per hour (Lazaros et al. 2012 ), suggesting that energy intake could even alter the ejaculation pattern. Since then, several reports have shown that obesity and energy balance are important factors for male reproductive health. Nevertheless, the molecular mechanisms by which this happens remain a matter of debate. Herein, we discuss some of the putative mechanisms by which obesity and energy balance regulate spermatogenesis and thus influences male reproductive potential.
Energy balance, hormonal dysfunction and male reproduction
Overweight-and obesity-associated dysfunction of the hypothalamic-pituitary-testis (HPT) axis represents major causes for the observed alterations in spermatogenesis. Indeed, increased aromatisation of androgens steroids to oestrogens in adipose tissue in obese men were described a few decades ago; increased oestrogen levels are known to induce hypogonadotropic hypogonadism with the end result of decreasing total and free testosterone (Schneider et al. 1979) . Anecdotally, treatment of an obese patient with the aromatase inhibitor anastrozole, led to decreased serum oestradiol levels, normalising luteinising hormone (LH) and testosterone levels, and restored spermatogenesis and fertility (Roth et al. 2008) . This observation supports the therapeutic potential of aromatase in infertile obese men, though the use of these drugs for this aim in clinical practice needs to be supported by further evidence that can also grant future label recommendation. In addition, prepubertal onset followed by long-term excess body weight results in reduced Leydig cells number and increased levels of proinflammatory markers in the testis, suggesting that it is associated with chronic inflammation that may have a negative impact on steroidogenesis by Leydig cells (Wagner et al. 2016) . Interestingly, it has long been established that excess of body weight, particularly when concomitant with hyperglycaemia, is associated with reduced endocrine activity in the testis and deleterious effects in the spermatogenesis (Hellman et al. 1963) . HPT axis is very sensitive to energy balance, even to subtle changes, highlighting the relevance of a proper glucose homeostasis to sustain a regular spermatogenesis. Thus, gut and adipose-derived hormones (particularly ghrelin and leptin) have risen as crucial integrators of the link between energy balance, High-fat diets lead to weight gain, increased circulating levels of leptin and oestradiol and additionally decreased levels of testosterone, in rats (Pauli et al. 2008 , Vigueras-Villasenor et al. 2011 . The ob/ob mice, a leptin-deficient obese rodent model, show impaired reproductive function (Swerdloff et al. 1976) , reversible by intraperitoneal leptin replacement (Cleary et al. 2001) . This emphasises the relevance of this hormone for male fertility. A study in leptin-deficient obese mice treated with sub-and physiological concentrations of leptin showed that spermatogenesis was improved in leptin-treated mice and that treatment with subto physiological concentrations dose dependently improves male reproductive function (Hoffmann et al. 2016) . In fact, impaired spermatogenesis in infertile men was also shown to be associated with testicular expression of OB-R (Ishikawa et al. 2007 ). On the other hand, the excess of leptin production by adipose tissue was reported to have deleterious effects on sperm production and to induce apoptosis on germ cells (Isidori et al. 1999) , which illustrates that this hormone may compromise male fertility via distinct mechanisms. For instance, leptin-induced steroidogenesis inhibition has already been reported (Tena-Sempere et al. 2001) , and leptin was proposed as directly responsible for the signalling link between adipose tissue and altered steroidogenesis in the testis (Isidori et al. 1999) .
Clinical studies also confirmed some of the actions reported for leptin in the male reproductive system of rodent models. A study with 122 obese men, of which 42 were fertile and 80 exhibited oligozoospermia, reported that obese oligozoospermic patients had a significant increase in the serum levels of follicle-stimulating hormone (FSH), LH, 17β-oestradiol (E2), prolactin (PRL) and leptin. In addition, serum leptin was positively correlated with abnormal sperm morphology and with altered serum levels of the other hormones (except E2), whereas being negatively correlated with sperm concentration, sperm motility and serum testosterone (Hofny et al. 2010) . These results provide clear evidence that to some extent leptin mediates the link between obesity and infertility in men. A small study with 42 men further reported that obese men had decreased sperm concentration and vitality, as well as increased sperm DNA fragmentation. Additionally, seminal and serum leptin concentrations were correlated in those individuals, suggesting that leptin may have a deleterious effect on male reproductive function through an direct action on HPT axis or on specific sites (Leisegang et al. 2014) . Indeed, the presence of Ob-R in testis, and particularly in testicular cells such as Leydig and Sertoli cells, also suggests that leptin may have a direct action on testicular cells ( Fig. 1 ). For instance, the somatic testicular Sertoli cells responsible for the nutritional support of spermatogenesis express the Ob-R. Direct exposure to leptin leads to alterations in the metabolic support of spermatogenesis provided by Sertoli cells. At concentrations found in healthy lean men, leptin is able to upregulate the protein levels of GLUT2, whereas concentrations of leptin found in lean and obese patients increases the activity of LDH, the enzyme that catalyses the production of lactate necessary for the developing germ cells. Notably, all the concentrations of leptin decrease acetate production by Sertoli cells (Martins et al. 2015) , which could be associated with alteration in the cells lipid droplet accumulation. Accumulation of cytoplasmic lipid droplets, which has been associated with the elimination of germ cell-derived apoptotic bodies by phagocytosis (Wang et al. 2006) , was reported as one of the most striking deleterious effects of hyperthermia in Sertoli cells (Valles et al. 2014) . Interestingly, accumulation Ghrelin is produced in the gastrointestinal tract and impairs the testicular function by disrupting both the hypothalamic-pituitarythyroid (HPT) axis, affecting Sertoli and Leydig cell functions. Leptin is produced by the adipose tissue, also impairs male reproductive function, by decreasing testosterone production, affecting Sertoli cell function, leading to a decline of sperm quality. GnRH, gonadotropin-releasing hormone; bidirectional arrows: alteration; down arrows: decrease; up arrows: increase.
of lipid droplets has also been described in testicular cells of Zucker rats (Young et al. 1982) suggesting that this may be a mechanism by which testicular cells respond to obese metabolic syndrome-induced testicular dysfunction. Indeed, in other cellular systems, such as intestinal epithelial cells (Fazolini et al. 2015) , leptin activates the mTOR pathway triggering lipid droplet formation. mTOR controls Sertoli cells redox balance and metabolism (Jesus et al. 2016 ) and has been discussed as a central rheostat regulator of male reproductive potential (Jesus et al. 2017 , Oliveira et al. 2017 ). Thus, it may be a key player in obesity-induced male subfertility/infertility by controlling lipid droplet formation in testicular cells, among other mechanisms. Interestingly, inhibin B, considered a marker for Sertoli cell function and spermatogenesis, is also decreased in obese males (Pauli et al. 2008 ). It has also been shown that leptin has a direct effect on spermatozoa (Jope et al. 2003) , increasing sperm progressive and total motility as well as promoting the acrosome reaction (Li et al. 2009a) . Moreover, in vivo exposure to higher levels of leptin decreases epididymal sperm count, whereas it increases the amount of abnormal sperm in rats (Haron et al. 2010 ). Thus, leptin seems to have divergent effects on maturing and ejaculated spermatozoa as well as direct or indirect effects on the male reproductive tract (through disturbances in HPT axis). Nevertheless, this is still a topic of intense discussion, and the molecular mechanisms by which these actions are mediated remain unknown. The role of other adipokines such as resistin, adiponectin, chemerin, omentin and visfatin on male reproductive tract and fertility are still obscure, although there are already some studies focusing on these molecular mediators (for review Dupont et al. 2015) . For instance, resistin is expressed in the rat testis throughout testis postnatal development and is controlled by the coordinated action of hormones and other factors including gonadotropins, leptin and the nutritional status. Resistin is involved in the control of testicular testosterone secretion, and it was suggested that it may also be a rheostat of energy homeostasis that can influence reproduction (Nogueiras et al. 2004) .
Ghrelin is a growth hormone-releasing peptide that controls energy metabolism in such a way that it mirrors the energy status of the individual. After food deprivation, its levels are increased and the plasma concentrations of ghrelin are usually negatively correlated with BMI (for review van der Lely et al. 2004) . Interestingly, the levels of ghrelin present in the serum and in the testis of rats are identical (Catak et al. 2014) . This suggests that this hormone may participate in the hormonal control of spermatogenesis or exert other direct effects on the male reproductive tract (Fig. 1 ). Systemic ghrelin administration reduces GnRH pulse frequency (Lebrethon et al. 2007 ) and ghrelin acts directly in the pituitary where it modulates gonadotrophin secretion (Fernandez-Fernandez et al. 2007 ). Thus, ghrelin may interfere with the reproductive success of males by acting on the hormonal signals that regulate spermatogenesis. In addition, the presence of its receptor, the growth hormone secretagogue receptor (GHS-R) in testicular cells, highlights that ghrelin may also act directly at those sites and promote a response. For instance, we have shown that human Sertoli cells express GHS-R and that ghrelin acts as an energy status sensor for the nutritional support of spermatogenesis by regulating the glycolytic and bioenergetic profiles of these cells (Martins et al. 2016) . Moreover, ghrelin also emerged as a rheostat of endocrine and nonendocrine functions in Leydig cells, including interfering with testosterone production and cell proliferative capacity (Barreiro et al. 2004 ). Thus, ghrelin may regulate spermatogenesis in humans, though the exact molecular mechanisms by which it occurs, remain a matter of intense research.
Energy balance interferes with the complex hormonal signalling that integrates signals and regulates spermatogenesis. Several hormones respond to energy fluctuations and mediate direct and indirect effects in testicular cells. Thus, the lack of consensus concerning the effects of obesity in male reproduction, particularly in sperm quality, has been suggested to result from a minimum threshold of hormonal dysfunction necessary to induce significant alterations in the mechanisms responsible for those effects such as in sperm production and/or quality (MacDonald et al. 2010 ).
Sperm quality and obesity-induced male subfertility/infertility: clinical studies
There is clear evidence that energy unbalance and particularly obesity may have a negative impact on male reproductive potential (Fig. 2) . Nevertheless, clinical studies and meta-analysis have not reached a consensus regarding the impact of obesity on sperm quality. In addition, data from studies performed in animal models lack confirmation in the human setting; thus, the discussion of results obtained using animal models of obesity must be cautious. As discussed previously, taking into consideration the effects of excess body weight in the male reproductive system, it was suggested that obesity decreases sperm quality. Indeed, data from 2035 men showed that obese men are more likely to have lower semen volume and fewer normal spermatozoa than men with normal body mass index (BMI) (Shayeb et al. 2011) . A study with 166 men, including 38 severely obese, showed that BMI was negatively associated with sperm concentration, count, progressive motility and normal physiology. In addition, BMI was also negatively associated with the levels of total testosterone, SHBG, AMH and inhibin B (Andersen et al. 2015) , thus suggesting a correlation between obesity, the levels of these hormones and sperm quality. Consequently, obese men have at least increased risk of low semen volume and decreased normal sperm morphology than men with normal weight, though these studies did not report any association between excess of weight and sperm concentration or motility. Worthy of note is that in men with moderate overweight, no sperm alterations were found, suggesting that there might be a threshold for the association between excess body weight and deleterious effect on male reproductive health.
A recently updated systematic review and metaanalysis concluded that excess body weight and obesity in men are associated with increased prevalence of azoospermia and oligozoospermia (Sermondade et al. 2013b ). In addition, a meta-analysis reported a J-shaped association between BMI and the risk of abnormal sperm count (Sermondade et al. 2013b ) though it was not determined if weight loss could revert this effect. A multi-institutional cohort of 4440 subfertile men was part of a study that performed a multivariate analysis and exposed a negative correlation between BMI and ejaculate volume and sperm characteristics including concentration, motility and morphology. In addition, the rates of azoospermia and oligospermia were also more prevalent in obese men than those in men with normal weight. The authors concluded that the BMI influences the hormonal profile and sperm characteristics, and thus, excess body weight may contribute to subfertility in men (Tunc et al. 2011) . In another study in 970 patients seeking treatment for nonobstructive azoospermia, overweight men were shown to have worst pregnancy outcomes after microdissection testicular sperm extraction than those with normal weight. In addition, no men with BMI over 43 kg/m 2 were able to contribute to a successful pregnancy (Ramasamy et al. 2013) .
Colaci and coworkers (Colaci et al. 2012 ) reported that couples with obese male partners have 84% lower odds ratio for birth than couples with normal-weight men. In addition, this study also highlighted that male obesity has a possible deleterious effect on the chances of achieving live birth after intracytoplasmic sperm injection (ICSI) treatment. However, a recent study enrolling 8490 couples who underwent in vitro fertilisation (IVF) or ICSI showed no significant effect of the male partner BMI on live birth rate (Zhu et al. 2015) , which is in agreement with the findings of a prospective study in 721 couples undergoing infertility treatment (Schliep et al. 2015) . Nonetheless, this study suggested that the BMI of the father influences the sex ratio of the offspring by raising the probability to give birth to male singletons with increased BMI (Zhu et al. 2015) . The controversial data derived from these studies illustrate the need to identify the mechanisms by which overweight or obesity interfere with male fertility before reaching a consensus.
Differences in dietary habits and intake of macro and micronutrients can potentially interfere with sperm membrane composition (thus influencing sperm quality), which may explain the discrepancies found between studies. A study conducted in 144 men from the general population aimed to examine the association of circulating fatty acids and BMI, with spermatozoa fatty acids composition and semen characteristics. The authors concluded that the amount of docosahexaenoic acid (DHA, 22:5, ω-3) was positively correlated with sperm quality, particularly sperm count, concentration, vitality, progressive motility and normal sperm morphology. In addition, DHA was negatively associated with DNA fragmentation index. On the other hand, palmitic acid (C16:0) and linoleic acid (C18:2; ω-6) levels in sperm depicted a positive and negative correlation with sperm count respectively. It is of note that BMI was negatively associated with DHA and palmitic acid levels in sperm (Andersen et al. 2016) , revealing that BMI may alter some important sperm features by influencing sperm fatty acid composition. The fact that there is a relationship between serum fatty acids and sperm fatty acids composition suggests that BMI affects the spermatozoa fatty acid composition by a direct action in the testis, although individual variations in diet composition and Figure 2 Major effects of obesity and energy imbalance on male reproductive tract and reproductive health. The energy imbalance impairs the testicular function by disrupting both the hypothalamic-pituitary-thyroid (HPT) axis, affecting steroidogenesis and spermatogenesis. Furthermore, it also impairs male reproductive function, declining sperm production and quality due to loss of bloodtestis barrier permeability and to increased oxidative stress. Legend: BTB, blood-testis barrier; FSH, follicle-stimulating hormone; LH, luteinising hormone; bidirectional arrows: alteration; down arrows: decrease; up arrows: increase.
obesity may influence the interpretation of the results. Unfortunately, there is a lack of mechanistic studies to understand why overweight men yield worsened pregnancy outcomes than normal-weight men. In this matter, animal studies have shed some light.
Few studies have focused on male BMI (Sarais et al. 2016) , although several retrospective and meta-analyses have been conducted to unveil the effects of female BMI on the number and quality of retrieved oocytes, fertilisation rate, incidences of ongoing pregnancy and live births among other factors affecting couples undergoing IVF. A retrospective study carried out in patients seeking infertility treatment who received IVF or ICSI treatment including a total of 8490 couples concluded that live birth success of overweight and obese groups was similar to the normal-weight group, although increased male BMI augmented the probability of giving birth to male singletons (Zhu et al. 2015) . Nevertheless, most of these studies have several confounding factors including those associated with the mother. For instance, there may be an effect of high maternal BMI on the semen quality of the offspring (Ramlau-Hansen et al. 2007 ). Thus, there is a need for further studies that could add novel insights into these topics.
Molecular mechanisms that mediate obesity-related reproductive dysfunction in males
There are numerous animal models to study obesity. Several rely on diet-induced fat accumulation attained with the use of high-fat or high-energy diets to mimic the dietary habits of modern societies, a major contributor for the obesity pandemic. Although most of the previous studies aiming to disclose the effects of obesity or energy balance on male reproduction focused on sperm and lacked a mechanistic perspective, a common feature reported in animals with diet-induced or chemically induced obesity, is the decrease in gonadal volume and weight while body weight increases. Monosodium glutamate-induced obesity in rats decreases testosterone and FSH plasma levels and sperm counts. In addition, testis, epididymis, prostate and seminal vesicle weights, as well as the seminiferous tubular diameter are also decreased in these animals (Fernandes et al. 2012) . A recent study showed that feeding rats with high-fat diet during 4 weeks reduces sperm concentration and motility. Interestingly, those animals presented impaired mitochondrial respiration, with decreased ATP levels and augmented OS. When evaluating the spermatozoa of these animals, pyruvate dehydrogenase and lactate dehydrogenase activities, as well as citrate synthase were significantly diminished (Ferramosca et al. 2016) . Notably, high-fat diet feeding in rats did not alter mitochondrial complex I activity in sperm significantly, whereas that of all other complexes decreased significantly. Thus, these results suggest uncoupling of mitochondrial respiration with ATP production in sperm of rats fed with high-fat diet (Ferramosca et al. 2016) , which is not surprising since mitochondria are key players in sperm physiology and function, known to be involved in sperm motility and fertilising capacity, among other processes (Fig. 3) .
Interestingly, a clinical study with 651 couples undergoing fertility treatment showed that sperm mitochondrial activity was lower in overweight men who also presented higher ROS and DNA fragmentation. This illustrates that mitochondrial dysfunction may be responsible for the lower sperm quality frequently reported in men with higher BMI (Yang et al. 2016) . Also, semen analysis in 81 men seeking for fertility clinic care reported that BMI is correlated with ROS production, Figure 3 Diagram illustrating mitochondria relevance in sperm midpice. Mitochondria regulate calcium signalling as well as production of ATP. In addition, since sperm midpiece has a high quantity of active mitochondria, it is also a place where reactive oxygen species are produced. These processes mediated by mitochondria are essential for sperm motility and sperm fertilising activity. sperm DNA damage, markers of inflammation and alterations in reproductive hormones. Interestingly, there was no association between increased ROS and DNA integrity or sperm motility (Tunc et al. 2011 ), suggesting that elevated ROS may affect other molecular mechanisms that end up by compromising male reproductive health.
ROS modulate essential functions of sperm including capacitation, hyperactivation and acrosomal reaction (Fig. 3) . However, unbalanced ROS results in the oxidation of sperm membranes, which are mainly composed of polyunsaturated fatty acids, loss of mitochondrial function (Wang et al. 2003) and also DNA fragmentation (Kodama et al. 1997) . Indeed, it was reported that BMI is positively correlated with DNA fragmentation index in sperm (Kort et al. 2006) . Several studies reported that obese men have lower total sperm counts and higher DNA damage than normal-weight men do (Chavarro et al. 2010 , Dupont et al. 2013 . Another study went far beyond and showed in 305 males that increased BMI is associated not only with decreased progressive motility and increased DNA fragmentation but also with decreased sperm mitochondrial activity (Fariello et al. 2012 ). This study provided clear evidence that sperm mitochondria activity may be sensitive to the BMI and correlated with the subfertility/infertility reported in overweight/obese individuals.
Besides mitochondrial activity, other hypotheses have been raised to explain subfertility/infertility in overweight and obese men. For instance, the morphological changes in testicular cells observed in those individuals were attributed to the increased permeability of the bloodtestis barrier (BTB). The BTB, composed by adjacent Sertoli cells, assures the unique biochemical milieu required to the occurrence of spermatogenesis (for review Stanton 2016) . In fact, male mice fed with a high-fat diet (HFD) for 10 weeks developed obesity and presented an increase in sperm abnormalities with a marked decrease on sperm motility, which were suggested to occur due to severe disruption in BTB and atrophy of the seminiferous epithelia (Fan et al. 2015) . Actually, sperm alterations and testicular cells morphological changes were accompanied by interruption of BTB and severe decline of key components of the barrier.
Obese mice resulting from high-fat diet feeding also have decreased fertilisation ability, with altered binding capacity to the zona pellucida (Bakos et al. 2011b) , which could be reverted by resuming a normal diet or exercise (Palmer et al. 2012) . However, no association between the BMI and sperm-zona pellucida-binding ability was reported in 306 men from couples diagnosed with primary idiopathic or mild male factor infertility (Sermondade et al. 2013a ).
One of the major confounders of the studies aiming to address the effects of excess adiposity in male reproductive function is the lack of phenotypical characterisation of obesity. BMI is only a crude measure of adiposity that in spite of its widespread use in the clinical setting harbours several limitations and provides no information on the relative body distribution or type of adipose tissue (brown, beige or white), which are of utmost relevance. To further expose the importance of adipose tissue composition, brown adipose tissue (BAT) transplantation can improve several metabolic parameters including glucose homeostasis and insulin sensitivity (Gunawardana & Piston 2012 , Stanford et al. 2013 . In addition, a recent report showed that BAT from male donor mice transplanted into age-and sex-matched recipient mice fed with high-fat diet reduced body fat and epididymal fat mass. In addition, triglycerides content in epididymis and in the testis decreased. Notably, sperm motility was restored and the fertility impairment caused by diet-induced obesity was ameliorated (Liu et al. 2016) . Thus, differences in regional distribution and composition of adipose tissue may be responsible for some of the apparently conflicting results concerning the influence of obesity in sperm quality. Further studies will be needed to understand how sperm quality is influenced by energy unbalance and the molecular mechanisms affected by obesity that may end-up in subfertility or infertility in overweight or obese men.
Paternal obesity and food-induced trait inheritance
Maternal hyperglycaemia or obesity during gestation or lactation are well-known risk factors for the development reprogramming that induces obesity and diabetes in the offspring (O'Reilly & Reynolds 2013 , Isganaitis et al. 2014 . However, recent evidence suggests that the paternal metabolic profile at conception also influences the metabolic profile of the offspring, with obese men being more likely to father obese children (Li et al. 2009b ). These detrimental effects upon the offspring's metabolic health induced by paternal obesity (Fullston et al. 2013 , Ng et al. 2014 ) suggest that information is being transmitted via sperm. The classic dogma was that spermatozoa are transcriptionally inactive. However, it is now clear that mature spermatozoa contain high amounts of RNAs and non-coding RNAs though their potential role is not fully understood (Ostermeier et al. 2004 , Miller et al. 2005 . Emerging evidence suggests that microRNA composition in spermatozoa responds to environmental and lifestyle factors. For instance, the transgenerational inheritance of traumatic stress was shown to be mediated by sperm microRNAs (Gapp et al. 2014) . Interestingly, the altered phenotype passes to the offspring when mice are crossed with healthy partners. This shows that food-induced trait inheritance may be mediated by RNA signalling (Grandjean et al. 2015) .
It is very interesting to note that in a study with 651 couples undergoing fertility treatment, males with a BMI higher than 28 kg/m 2 had a lower fertilisation, good-quality embryo and clinical pregnancy rates than males with a normal BMI (Yang et al. 2016 ). In addition, individuals with higher BMI presented more ROS and sperm DNA fragmentation rate than normal-weight ones (Yang et al. 2016) . Testis transcriptome of obese and healthy mice showed that a specific mRNA (miR19b) might be responsible for diet-induced metabolic alterations that influence the phenotype of the offspring. Paternal high-fat-induced obesity was also reported to promote an intergenerational transmission of obesity. This transmission is effected through altered sperm epigenetics signatures associated with phenotypes that include obesity and metabolic characteristics associated with its comorbidities (e.g. insulin resistance, impaired glucose tolerance) at different degrees (Fullston et al. 2013) , illustrating that obesity induces crucial fingerprints in sperm that may be responsible for health problems in the offspring. microRNAs are regulated by the metabolic phenotype of the individual and are involved in glucose homeostasis (Fernandez-Hernando et al. 2013) . Indeed, paternal type 2 diabetes is known to program certain metabolic phenotypes in the offspring (Meigs et al. 2000 , Wei et al. 2014 . Thus, it is likely that metabolic diseases, such as obesity and type 2 diabetes mellitus, induce transgenerational signatures transmitted via sperm. Recently, a study identified a distinct small non-coding RNAs profile in sperm from obese when compared with lean men. This shows that spermatozoa from obese men carry a distinct epigenetic fingerprint (Donkin et al. 2016) . Nevertheless, the epigenetic signature in obese men remains largely unknown, although it was reported that the metabolic changes may also epigenetically influence the somatic tissues of the offspring. It was also recently shown that transgenerational sperm epigenetic alterations subsequently alter the development of the testicular somatic Sertoli cell. The altered epigenome and transcriptome in Sertoli cell was correlated with the onset of adult infertility (Guerrero-Bosagna et al. 2013) . Thus, somatic testicular cells may be key drivers of acquired epigenetic obesity inheritance.
A study with F1, F2 and F3 derived from F0 mattings of obese mice with prediabetes suggested a non-genetic inheritance of obesity that could occur through the action of sperm non-coding RNAs. It also suggested that there are some fingerprints of the paternal exposure to obesity that may be passed through generations. Notably, it was also suggested that dietary intervention can promote a metabolic reprogramming, but the propensity for metabolic dysfunction still be maintained in the offspring, which might well be associated with the dramatic rise in the incidence of metabolic disorders (Cropley et al. 2016) . Remarkably, mice fed with high-fat diet originate offspring with latent metabolic defects (e.g. impaired glucose homeostasis, insulin resistance and dyslipidaemia) that can be evaded when the mice avoid high-fat diets (Li et al. 2013) . These findings suggest that improving the paternal metabolic health would improve fertility and lead to improved metabolic health of the offspring. Thus, it is crucial to understand the molecular mechanisms by which these latent metabolic defects are installed and passed through generations.
Can weight loss by lifestyle intervention or bariatric surgery improve male reproductive health?
In 2012, Palmer and coworkers in diet-induced male C57BL6 mice subjected to diet and exercise concluded that diet alone can reduce adiposity and serum cholesterol levels although only ameliorated glucose tolerance when combined with exercise. In addition, both diet and exercise improved sperm quality by reducing sperm DNA damage, production of ROS and mitochondrial membrane potential, suggesting an association between systemic metabolic status and sperm quality and function (Palmer et al. 2012) . Interestingly, sperm parameters of 20 morbidly obese men were determined at baseline, after exercise during 4 months prior to a bariatric surgery intervention and again 24 months later. Despite a significant BMI reduction, amelioration of hormonal dysfunction and improvement of the quality of sexual function, there were no differences concerning sperm parameters after 4 months of exercise or 20 months after surgery (Reis et al. 2012) . Using a mouse model, diet or exercise interventions for 8 weeks in obese founder males resulted in metabolic benefits to the offspring. In addition, the most striking improvement resulted from the exercise-only intervention despite the authors reporting higher adiposity than those subjected to diet (McPherson et al. 2015) , which illustrates that the positive benefits of exercise may surpass the deleterious effect of increased adiposity. This hypothesis is still under investigation and should not be overlooked. In the search to improve male fertility in obese men, several dietary or natural compounds were tested. For instance, resveratrol in a dose of 30 µmol/L used in vitro was shown to improve sperm motility after 30 min, as well as seminal plasma zinc concentration and spermatozoa acrosin reaction in semen samples of obese men with astenospermia (Cui et al. 2016) . In rats with high-fat dietinduced obesity, treatment with 100 mg/kg metformin during 8 weeks improved semen parameters, increased testicular weight, reduced testicular apoptosis, restored hormonal homeostasis and improved metabolic characteristics when compared with those not treated with this antidiabetic drug (Yan et al. 2015) . The search for viable ways to improve the reproductive health of overweight/obese men is still overlooked, but these studies provide evidence that it is possible to revert some of the deleterious effects promoted by energy unbalance.
The use of bariatric surgery for treatment of severe obesity has disclosed some important cues concerning energy balance and male reproduction. Secondary infertility was reported by di Frega and coworkers (di Frega et al. 2005) in six patients that underwent Rouxen-Y gastric bypass. The authors suggested that the secondary azoospermia with complete spermatogenic arrest that was detected could be due to the nutritional imbalance and toxic insult resulting from the weight loss, rather than the hormonal dysfunction. Two male patients were tested for fertility treatment in two consecutive cycles before and after bariatric surgery and a marked reduction in sperm parameters between 12 and 18 months after surgery was noted (Lazaros et al. 2012) . This led to the suggestion that bariatric surgery may impact negatively on spermatogenesis in the first months after surgery. Indeed, severe worsening in semen parameters was reported in 3 patients who underwent bariatric surgery 3 months earlier (Sermondade et al. 2012) , also indicating that the first months after surgery may have deleterious effects on male reproductive potential. However, 1 patient had the condition reverted after 24 months, and clinical pregnancies were obtained in the other patients (Sermondade et al. 2012) , illustrating that, after an initial period of severe weight loss and metabolic dysfunction, the male reproductive health may be improved after bariatric surgery. In a more recent prospective study of 46 male patients that underwent sleeve gastrectomy, testosterone levels were shown to increase 12 months after surgery. Interestingly, sperm concentration in men with azoospermia and oligospermia was also increased after surgery suggesting that weight loss may improve sperm quality (El Bardisi et al. 2016) .
Indeed, there are other studies presenting evidence that bariatric surgery may have a long-term positive impact on the male reproductive health. In a small randomised trial with 20 morbidly obese men for 24 months, the authors showed that surgery-induced weight loss reverted some of the hormonal dysfunctions previously reported in obese men and increased erectile function quality (Reis et al. 2010) . Also, a study conducted in 17 obese men that underwent a ringed vertical gastroplasty showed that serum inhibin B levels were elevated in most of those men and there was a weak but significant inverse correlation with BMI (Globerman et al. 2005) . Thus, these studies suggest that bariatric surgery may improve the reproductive health of obese men. However, the conflicting literature on the impact of bariatric surgery and massive weight loss on male fertility may be due to the existence of a threshold of balance between positive effects, such as the hormonal, psychological and sexual effects, and the negative effects arising from nutritional depletion and the weight loss induced release of lipophilic toxic substances. It is also worthy of note that there are some studies based on the effects of obesity, excess energy intake and sperm parameters. Notwithstanding, few studies have explored the effects of low body weight or poor energy intake on male reproductive health. A paradigm that should be addressed, if we take into account the current increase in the search for low-energy diets or dietary supplements that may deplete energy resources.
Concluding remarks
Males with excess body weight due to a surplus of adipose tissue have reduced sperm, low binding capacity, low fertilisation ability and difficulties to undergo capacitation and acrosome reaction, which suggests that sperm quality may be impaired (Fig. 2) . Nevertheless, the mechanisms by which a positive energy balance promotes dysfunction on these sperm functions remain a matter of debate. Conflicting results derived from different studies could be due to several causes. An important contributor is the fact that data from meta-analysis and systematic reviews are often derived from a mixture of male individuals with a great heterogeneity in their reproductive status (fertile vs subfertile). In addition, there are differences in the way each laboratory determines sperm quality, and the biological significance of the sperm differences in these studies are often neglected and not put in perspective, as a mild diminution of sperm quality is very important for a subfertile couple, whereas in couples with normal fertility, it can be neglected. Furthermore, research has not taken into account other habits that may be even more deleterious for sperm quality than energy unbalance, such as smoking or ethanol intake. Besides, most of the studies rely on self-reporting of habits or lifestyle, which is actually prone to inaccuracy. Routine semen analysis is not a reliable method to determine the fertilising potential of spermatozoa and do not include the prediction of the changes that occur in the female reproductive tract before fertilisation. Thus, clinicians and researchers discuss that newer tests to predict the success of fertilisation are needed (Franken & Oehninger 2012 , Wang & Swerdloff 2014 . Indeed, current tests do not study spermatozoa ability to reach and fertilise the oocyte. After ejaculation, the spermatozoa has to travel across the female reproductive tract, hyperactivate, undergo the very controlled process of acrosome reaction, penetrate the cumulus and zona pellucida and finally fuse with and fertilise the oocyte. Thus, factors related to the female reproductive tract and control of the events spanning from ejaculation until fertilisation need evaluation. However, this is not currently performed due to controversy and lack of strong methodology. Therefore, the semen analysis used to evaluate the male reproductive health lacks the ability to retrieve very relevant information that compromises the evaluation of the obesity effects on male fertility.
We must also take into consideration that most studies use only BMI as a measure of adiposity. However, BMI is a measure of weight in relation to height and does not always reflect the percentage of fat. In fact, men with increased muscle mass have a high BMI, which is not usually associated with decreased sperm quality. A more detailed characterisation of the adiposity degree and relative body fat distribution, as well as the reproductive hormone and metabolic profiles should be determined as much as possible before inferring their effects in sperm quality, as these may introduce a complex network of effects.
Future preventive interventions may include a weight loss recommendation for overweight or obese men during the window of pregnancy planning. Recent evidence shows that obesity may induce molecular changes in sperm conveyed into transgenerational epigenetic inheritance. Those changes can be mediated by modified RNA levels, DNA methylation, protamination and histone acetylation. They may end-up in deleterious effects in the offspring. Increased energy intake is a key driver for the obesity crisis. However, the latest findings suggest that transgenerational epigenetic inheritance is associated with the offspring's metabolic profile. Taken in consideration that obesity compromises male fertility, it is also pivotal to unveil the molecular mechanisms responsible for inherited subfertility/ infertility. Finally, the effect of significant weight loss attained through low energy intake or surgical treatment of obesity should not be overlooked. Infertility and subfertility are silent comorbidities associated with energy balance. Policymakers should seriously consider this matter as a priority as it may explain the decrease in sperm quality and birth rates we are witnessing. Moreover, assisted reproductive technologies are very expensive and should not to be used indiscriminately. A therapeutic approach towards obesity-related male subfertility and/or infertility is mandatory, but it has to be implemented with an integrative approach including weight loss, epigenetic contribution, energy balance and a window of opportunity for treatment. In recent years, there is also an increased interest in developing and optimising new compounds that control the levels of hormones dysregulated during obesity. For instance, inhibition of ghrelin O-acyltransferase (GOAT), which catalyses an essential octanoylation step in ghrelin maturation, has been described as a potential avenue for controlling ghrelin signalling and new small-molecule GOAT inhibitors have already been synthesised (McGovern et al. 2016 , McGovern-Gooch et al. 2017 ). It will be crucial to test how those new compounds may affect the HPT axis and also their direct effect on testicular cells. All these issues will be a major challenge for the years to come.
